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Abstract
A single layer reactive screen, made of printed elements,
is introduced to increase the bandwidth of a patch array
antenna. It is found that by decreasing the periodicity of
the printed elements on the screen, the return loss band-
width can be improved significantly compared with a two-
layered stacked patch counterpart. Simulated results are
shown, and the bandwidth improvements are explained in
terms of a standard stub-matching procedure that is nor-
mally exercised in microwave circuits.
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1 | INTRODUCTION

For air-borne and space applications, the microstrip patch array
antenna is preferred due to its low profile and light weight.

However, in many situations, the narrow bandwidth character-
istic of a patch element prohibits from using it. The bandwidth
of a patch element increases in the array environment when the
element spacing is low. Thus, for a given aperture size the
number of elements should be large to take advantage of
the proximity coupling. A larger number of elements drive up
the cost of an array as the number of active elements, such as
solid-state power amplifiers and phase shifters, need to be
increased subsequently. For a moderate scan requirement, the
element spacing need not be small. Hence, a wide-band patch
solution for moderate element spacing is desirable.

Several methods are reported in the literature to increase
the bandwidth of patch elements.1-8 The simplest one, particu-
larly for array application, perhaps, using another layer of pas-
sive patch-elements. The resonance of the passive patches is
used favorably to enhance the overall bandwidth. The reactive
impedance screens (RIS) are also employed primarily for mini-
aturizing the size of an isolated radiating element and, in some
cases, for bandwidth enhancement.5-8 In Reference 5
Mosallaei and Sarabandi demonstrated that a very compact
patch on a RIS structure can have 6.7% bandwidth. Similar
studies were conducted by other researchers6-8 with an objec-
tive to improve impedance bandwidth and axial ratio band-
width. In the above cases, the RIS was placed underneath the
driven patch element. In Reference 9 a single truncated-corner
square patch radiator loaded with an RIS above the driven
patch was studied and a significantly wide band performance
(~45%) is reported. Such a bandwidth enhancement was
achievable due to the direct radiation of the surface wave mode
through the truncated edge of the dielectric substrate. For an
array antenna, the above principle does not apply because (a) a
surface wave propagation is not desirable as it causes scan
blindness, and (b) a truncated dielectric edge does not exist in
the array environment. In other words, in the array environ-
ment, the characteristics of the element presented in Reference
5 will not exhibit the same bandwidth characteristics.

In this article we propose a reactive surface (RS) loaded
patch array to enhance the array-bandwidth while keeping a
moderate element spacing. The conventional stacked patch
array can be viewed as the RS loaded patch array as the sta-
cked patch layer offers a reactive impedance to the driven
patch layer. However, it is found that the upper end of the
band is limited by the stacked patch layer that acts as a fre-
quency selective surface (FSS), having an upper cutoff fre-
quency.10 Clearly, by stretching the cutoff frequency of the
upper layer, the bandwidth can be increased; one of the ways
to accomplish is to decrease the periodicity of the upper layer
elements. We show conceptually and with rigorous numerical
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simulations that by decreasing the periodicity of printed ele-
ments on the RS layer the bandwidth can be increased signifi-
cantly. The effects of higher order Floquet modal interactions
with the driven patch layer can be compensated by adjusting
the offset distance of the RS layer. We present a design guide-
line of such an array using a simple “stub-matching” method
that is commonly employed in microwave circuit arena. We
also display numerical results for the reflection coefficients
and demonstrate the bandwidth enhancement in comparison
with the stacked patch array counterpart. The scan perfor-
mance and the active element patterns are also shown.

1.1 | ANALYSIS

Figure 1 shows an exploded view of a probe-fed patch array
loaded with an RS screen. The RS consists of an array of
printed patch metallization. Unlike a stacked patch array, the
periodicity of the RS is different from that of the driven
patch elements. The unit cell size of the driven patch is
assumed as a1 × b1, and the substrate thickness is h1. The
spacer thickness between the driven patch and the RS is h2
and the cell size for the elements of RS is a × b. For a rigor-
ous analysis of such a structure with different periodicities
of the layers, we should invoke the procedure detailed in
Reference 11. For analytical simplicity, we consider that the
periodicity of the RS is half of the driven patch layer (ie,
a = a1/2 and b = b1/2) in each direction. In other words, a
unit cell of a driven patch accommodates four elements of
RS as shown in Figure 1.

A unit cell of the probe-fed patch layer can be represented
by a multimodal admittance matrix [Reference 11(p228)].
However, it is complicated to have a physical equivalent cir-
cuit representing input and output modal quantities primarily
due to unequal number of modes of probe and patch and non-
symmetrical nature of the admittance-matrix for a general
Floquet excitation. Furthermore, the higher order Floquet

modes cannot be ignored in the admittance matrix formula-
tion as they are responsible for energy stored in the near field
region. To alleviate the problems, we analyze the structure
from the aperture side, that is, in the “receiving antenna”
mode. From the aperture side the patch array is equivalent to
a complex admittance surface with respect to a plane wave
incident on the array aperture. For the dominant Floquet inci-
dent mode from aperture side, the lumped surface admittance
is given by

Yp =
1+ S22 n,nð Þ
1−S22 n,nð Þ ð1Þ

where S22(n, n) represents the element of the generalized scat-
tering submatrix [S22] associated with the dominant Floquet
mode incident upon the patch layer. Depending on the inci-
dent polarization, the dominant Floquet mode could be either
TE or TM type. The above lumped admittance is the normal-
ized admittance with respect to the Floquet modal admittance
of the dominant mode under consideration. For Yp = 1, the
antenna is perfectly matched with the incident Floquet mode.
If this condition is satisfied, then from reciprocity, the antenna
is perfectly matched from the input side, under the assumption
that the array does not have any grating lobe, which is gener-
ally true for boresight radiation or for a small scan require-
ment. We will examine the admittance behavior of a typical
patch array in the receiving mode.

1.2 | Patch surface admittance

The generalized scattering matrix of a single layer probe-fed
patch is analyzed using a “Floquet Method of Moment
(MoM)” analysis.12 The lumped surface admittance from the
aperture side is extracted for the normal incidence using
Equation (1). Figure 2 shows the real and the imaginary
parts of the admittance with respect to two reference planes,

FIGURE 1 Schematic of a patch array loaded with a reactive
screen. The overall unit cell of the array is also shown [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 2 The complex admittance of a probe-fed patch looking
from aperture side. The feed line is terminated by 50 Ohms load. The
dimensions are: a1 = b1 = 0.8 cm, patch sizes = 0.43 cm × 0.43 cm,
h1 = 0.0734 cm, h2 = 0.0647 cm. Probe diameter = 0.05 cm. Probe
location 0.04 cm from edge [Color figure can be viewed at
wileyonlinelibrary.com]
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one of which is just above the patch surface and the other is
at a distance h2 above the patch surface. The mid-frequency
of the desired operating band is 22.5 GHz and the element
spacing is 0.8 cm (about 0.6λ0, where λ0 is the free-space
wavelength at the mid-frequency). For the reference plane
just above the patch surface, the output conductance G and
output susceptance B vary widely with frequency near
27 GHz. However, the variation is much contained when the
reference plane is moved at a distance h2 above the patch
surface. Furthermore, the conductance G is near unity over a
wide frequency range. However, a moderately large offset
inductive reactance is observed. Thus, using the concept of
“stub-matching” a capacitive reactance surface will neutral-
ize the inductive reactance yielding a good impedance match
in the receiving mode. As the intrinsic reactance at the refer-
ence plane is almost flat, the RS that has a similar “flat”
behavior with frequency is desired. It is well known that a
printed patch surface behaves as a low pass spatial filter that
exhibits a capacitive reactance at a low frequency. However,
beyond the cutoff frequency, the patch surface becomes
inductive. The cutoff frequency can be controlled by chang-
ing the periodicity of the printed elements.

Figure 3 shows the equivalent shunt susceptances of two
reactive surfaces made of rectangular patch elements with
two different periodicities (solid line curves). For the RS
having the same periodicity of the driven patches (ie,
a = b = 0.8 cm, we call RS-1), the susceptance at the upper
end of the band varies exponentially as the frequency
approaches toward the cutoff point. However, when the peri-
odicity is reduced to 0.4 cm (we call RS-2), the susceptance
shows a very gradual variation as the cutoff frequency is far
above 30 GHz. The total susceptance (ie, Patch + RS) is also
plotted in the same figure. The total susceptance using the
screen of lower periodicity (RS-2) shows a characteristic

favorable for wide-band performance. The dimension of the
RS patch elements can be adjusted to obtain the appropriate
magnitude of the susceptance.

2 | RESULTS

The foregoing analysis suggests that a RS can enhance the
operating bandwidth of a patch array. This is not surprising
as it is well established that a stacked patch array shows
wider bandwidth than that of a single layer patch array.
What is interesting here is that by increasing the number of
passive stacked elements it is possible to stretch the band-
width, while keeping the periodicity of the driven patch
unchanged. Increment of patch elements on the upper layer
does not create much fabrication issue. Based on the above
principle, we optimized four patch arrays and compared their
performances. For optimization, the empirical data based on
the “stub-matching” method described earlier was used as
the trial solution. For a fair comparison, the substrate thick-
ness of the driven patch is kept identical for all four cases.
The performances were optimized using a gradient search
optimizer and the main analysis engine was a Floquet
(MoM) model12 for fast optimization. The generalized scat-
tering matrix approach was invoked, and the layers were
analyzed independently and then cascaded.12 For good con-
vergence, the number of basis-functions were over 350 on a
single patch and the number of Floquet modes were over
1500. To handle different periodicities of the layers, the ana-
lytical method presented in Reference 11 was employed.
The dimensions of the driven patch and the patch on the RS
layer, the spacer thickness and the offset of the RS layer
were optimized for the best bandwidth performance.

FIGURE 3 Susceptance of the reactive screen layer. Also shown
susceptance of the patch layer and screen layer together from aperture
side. Patch dimensions are same as in Figure 2. The screen layer RS-1
has a cell dimension of 0.8 cm × 0.8 cm. The cell dimension of RS-2 is
0.4 cm × 0.4 cm. The dielectric constant of spacer is 1.1 [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 Input reflection coefficients of four patch arrays loaded
with reactive surfaces. The patch dimensions are optimized for the best
performance. The parameters are: a1 = b1 = 0.8 cm, h1 = 0.0734 cm, feed
probe diameter = 0.05 cm, probe location 0.04 cm from patch edge. -----
L = 0.404 cm, ____ L = 0.392 cm, ------ L = 0.460 cm, ____ L=0.430
cm, ____ L = 0.392, L = patch length of driven square patches [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 4 shows the reflection coefficients of four patch
arrays loaded with reactive screens. The dash lines (labeled
by RS-1 at the inset) correspond to the screens that have
identical periodicity with that of the driven patch (like the
conventional stacked patches). The solid lines (labeled by
RS-2 at the inset) are with screens that have half the period-
icity of the driven patches. For the best performance, the
RS-2 screen is offset about half of its periodicity on E-plane
as displayed in Figure 1. As can be noted, screens with
smaller periodicities significantly improve the bandwidths.
For instance, the stacked patch (ie, with 0.8 cm screen peri-
odicity) with spacer’s dielectric constant of 2.2 (eps2 = 2.2)
has about 18% bandwidth correspond to 10 dB return loss.
When the screen periodicity reduces to 0.4 cm, the band-
width increases to 32%. This is a significant bandwidth
improvement. For lower dielectric constant of the spacer
(eps2 = 1.1) the bandwidth is 37% for a stacked patch,
which improves to 42% for the screen loaded (RS-2) patch
array counterpart. For the lower dielectric spacer case the
improvement is not too high because the cutoff frequency of
the RS screen on low dielectric material is naturally higher
even for a = 0.8 cm. For high-frequency application, use of
a low dielectric material (Rohacel, for example) may have
an issue due to the large fabrication tolerance, but for low
frequency application that is not an issue. The numerical
result for high-dielectric spacer case is compared with that
obtained using a commercial finite element method simula-
tion and the result matches with the MoM method used in
the present analysis.

Figure 5 compares the reperformances three patch array
configurations, namely (a) single layer patch array, (b) two-
layer stacked patch array, and (c) single layer patch array
loaded with reactive screen. The patch periodicity for all
three cases is 0.8 cm in both directions. For the reactive
layer, the periodicity of the printed square elements is
0.4 cm in both directions. The dielectric constant of the
layers is 2.5. We optimized patch dimensions to obtain the
best performances for the stacked patch array and the reac-
tive screen loaded patch array. For a fair comparison, the
thicknesses of the dielectric layers are kept identical. Note
that the reactive screen loaded patch shows improved band-
width performance as compared with the stacked-patch array
counterpart. In this design example, the −10 dB reflection
coefficient bandwidths for stacked patch and reactive screen
loaded patch are 18% and 28%, respectively. The single
layer patch array shows about 9% bandwidth.

In Figure 6 we plot the scan performance of the RS
screen loaded array. For this case we used the reactive
screens (RS-2 of Figure 4) that have smaller periodicities as
compared with that of the driven patches. As noted, the
reflection coefficient deteriorates as the scan angle
approaches to the blind spot. This behavior is very similar to
that of a regular patch array of similar periodicity. Within
25� scan-angle, the impedance match is reasonably good.

For a scan array design consideration, the blind angle of
an RS loaded patch array can be determined analytically.
The blind angle is primarily due to the lowest order TM sur-
face wave mode supported by the array structure. On the
principal planes, one can estimate the blind angles using the
following relation in reference11(p103):

k0sinθb + kρs =
2π
a1

, ð2Þ

where k0 is the wave number in free space, θb is the blind
angle, kρs is the surface wave number, and a1 is the patch-

FIGURE 5 Reflection coefficients of single layer, stacked, and
reactive screen loaded square patch arrays. The dielectric constant is
2.5 and lower layer and upper layer thicknesses are 0.0734 cm and
0.0793 cm, respectively. Patch length L = 0.3923 cm for the single
layer. For the staked patch, L = 0.3923 cm (lower layer),
L = 0.2908 cm (upper layer). For the RS loaded patch, L = 0.3758 cm.
The RS is made of offset printed square elements of length 0.2365 cm,
with periodicity 0.4 cm. The patch periodicity is 0.8 cm in both
directions. The patches are excited by probe of diameter 0.05 cm,
located at 0.04 cm from the edge [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Reflection coefficient vs scan angle at 22.5 GHz for
the patches loaded with RS-2. The dielectric constant of the bottom
layer is 2.2. The dielectric constants of the upper layer (superstrate) are
2.2 and 1.1 for two cases. The other parameters are given in Figure 4
[Color figure can be viewed at wileyonlinelibrary.com]
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periodicity. The surface wave number for small substrate
thickness can be approximated as12

kρs≈k0 1 +
1
2

k0h 1−
1
εr

� �� �2
" #

: ð3Þ

In Equation (3), h is the substrate thickness and εr is the
dielectric constant of the substrate. For the RS loaded patch
array, the superstrate effect must be included in the analysis.
If the substrate and superstrate have identical dielectric mate-
rial (eps2 = 2.2 case in Figure 6), then one can use the total
dielectric thickness as h (ie, h = h1 + h2). We use εr = 2.2,
a1 = 0.8 cm, h = 0.1507 cm (=h1 + h2), f = 22.5 GHz in
Equations (2) and (3) and obtain the blind angle as θb = 36�,
which agrees with that in Figure 6. We emphasize here that
that Equation (3) is valid if the two layers have identical
dielectric constant. For the “eps2 = 1.1” case of Figure 6,
one can ignore the upper layer (because of low εr, which is
close to air) and use Equation (3) for the surface wave num-
ber and estimate the blind angle. Using h = 0.0734 cm, and
keeping the other parameters unchanged, we obtain the
blind angle at about 40�. This result also agrees with that in
Figure 6 (eps2 = 1.1 case). It should be mentioned that the
patch metallization has some effects on the surface wave
number, which is ignored in our analysis. For the present
situation the “patch metallization effect” is negligible
because of large periodicity compared with the patch
dimensions.

3 | CONCLUSIONS

We have shown that a patch array loaded with a reactive
screen improves the bandwidth significantly. The improve-
ment is substantial if the periodicity of the printed elements
on the screen is reduced. Numerical simulation indicates that
the 10 dB return loss bandwidth improves from 18% to 32%
if four printed elements, instead of one, on the RS are used
within a unit cell of the driven patch. This particular band-
width enhancement method is useful for a low-cost array
design where the element spacing is not constrained by wide
angle scan requirement.
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